| INTRODUCTION
The mammalian circadian clock is cell-autonomously driven by clock gene expression rhythms (Reppert & Weaver, 2002; Rosbash et al., 2007) . Interlocked transcriptional feedback loops of clock genes generate circadian expression of genes in a genomewide manner, which in turn leads to circadian oscillation in diverse behavioral and physiological processes (Doherty & Kay, 2010; Mohawk, Green, & Takahashi, 2012) . The circadian clock enables maximum expression of genes at appropriate times of the day, allowing organisms to appropriately adapt to environmental rhythms generated by earth rotation. In contrast, chronic desynchronization between internal circadian and external environmental rhythms carries a significant risk of diverse disorders, ranging from sleep disorders to diabetes, cardiovascular diseases and cancer in mice and humans (Sahar & Sassone-Corsi, 2012; Wijnen & Young, 2006) . Preventing and ameliorating this desynchronization between internal and external rhythms thus requires a deep understanding of the mechanism for resetting the mammalian circadian clock (circadian input).
There are two major circadian input pathways in mammals. The first is the light input pathway via the suprachiasmatic nuclei (SCN), known as the central circadian pacemaker in the hypothalamus. Detailed mechanisms of the light input pathway have been elucidated at the molecular level by a substantial number of studies (Doyle & Menaker, 2007 ). The second is the feeding input pathway (Damiola et al., 2000; Stokkan, Yamazaki, Tei, Sakaki, & Menaker, 2001) . Timed feeding changes the phase or amplitude of circadian gene expression rhythms in peripheral clocks without affecting the central clock located in the SCN. However, the molecular mechanisms of feeding-induced peripheral circadian resetting remain unclear, particularly in humans.
Insulin, a pancreatic hormone secreted in response to feeding and in the regulation of blood glucose levels, has effects on clock gene expression in cultured cell lines (Balsalobre, Marcacci, & Schibler, 2000; Yamajuku et al., Mammalian circadian rhythms are phase-adjusted and amplified by external cues such as light and food. While the light input pathway via the central clock, the suprachiasmatic nucleus, has been well defined, the mechanism of feeding-induced circadian resetting remains undefined, particularly in humans. Animal studies have indicated that insulin, a pancreatic hormone that is secreted rapidly in response to feeding, is an input factor for a few peripheral clocks, such as liver and adipose tissue. In this study, using plucked and cultured hair follicles as a representative human peripheral clock, we examined the effect of insulin on circadian characteristics of clock gene expression. Our results demonstrate that insulin phase-shifts or amplifies the clock gene expression rhythms of ex vivo cultured hair follicles in a phaseresponsive manner. To reduce the possibility that differences in species, genetic or environmental background, and experimental methods affected experimental outcomes, we also treated surgically extracted whisker follicles of Period2::Luciferase
(Per2

Luc
) mice with insulin and found that the effect of insulin on clock gene expression was reproducible. These results suggest the possibility that feeding-induced insulin resets peripheral circadian clocks in humans.
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KAJIMOTO eT Al. 2012). In this context, mice carrying pharmacologically damaged beta cells show altered expression of clock genes in peripheral tissues (Kuriyama, Sasahara, Kudo, & Shibata, 2004; Oishi, Kasamatsu, & Ishida, 2004) , indicating the presence of in vivo interaction between the circadian clock and insulin signaling. Furthermore, our previous study indicated that insulin may be involved in feeding-induced tissue typedependent entrainment in mice in vivo (Sato, Murakami, Node, Matsumura, & Akashi, 2014) . These studies suggest that insulin may play an important role in feeding-induced phase adjustment and amplification of peripheral circadian rhythms. However, the role of insulin in circadian clock regulation in human peripheral clocks remains to be determined.
We speculated that insulin acts as an endogenous molecule required for feeding-induced resetting of human peripheral clocks. However, in vivo examination of the role of insulin in peripheral clocks in healthy human subjects by administration or inhibition of insulin is almost impossible. To help understand the role of insulin in humans, we thus carried out ex vivo culture experiments to examine circadian characteristics of clock gene expression in the presence of insulin. Specifically, after infection of plucked hair follicles with an adenovirus carrying the luciferase gene whose expression was driven by a transcription regulatory region of the Period3 gene (Per3-luc), the effect of insulin on circadian characteristics of peripheral clocks was examined by culturing adenovirus-infected hair follicles and monitoring clock gene expression rhythms in real time as bioluminescence. In addition, to reduce the possibility that the results were dependent on differences in species, genetic and environmental background, and experimental methods, we also treated surgically extracted whisker follicles of Per2 Luc mice with insulin.
| RESULTS AND DISCUSSION
| Effect of insulin on human peripheral clocks
We aimed to investigate the effect of the pancreatic hormone insulin on human peripheral clocks, following strong suggestions in previous studies in cultured cells and mice that insulin plays a role in feeding-dependent peripheral circadian adjustment (Kuriyama et al., 2004; Oishi et al., 2004; Sato et al., 2014; Yamajuku et al., 2012) . Investigation of the in vivo effect of insulin on human peripheral clocks requires ambitious experiments wherein healthy subjects are treated with insulin or insulin antagonists and its effects on circadian characteristics in peripheral clock gene expression are then evaluated based on biopsy. However, these experiments may be rendered almost impossible to perform by ethical concerns. Although, as a second in vivo approach, the functional correlation between insulin and human peripheral clocks could be investigated by examining peripheral clock gene expression of diabetes patients, interpretation of the results is made difficult by the indirect or unanticipated influence of disease and medication. In the present study, we evaluated the effect of insulin administration on peripheral circadian characteristics by obtaining tissue samples from healthy subjects and measuring clock gene expression rhythms ex vivo for a period of several days. In this context, previous studies reported an interesting method using fibroblasts that were obtained from subjects by skin biopsy and then cultured to increase the cell number (Brown et al., 2005; Hida et al., 2013) . This method is useful for the ex vivo evaluation of peripheral circadian characteristics in humans. To reduce invasiveness and omit the cell-proliferation step, however, we used another method based on the ex vivo direct culture of whole hair root tissue that was simply plucked from subjects (Yamaguchi et al., 2017) . Scalp hair roots were obtained from four subjects and infected overnight with an adenovirus vector carrying the luciferase gene driven by a transcription regulatory region of Period3 (Per3-luc). Real-time monitoring of bioluminescence was then carried out for a period of several days. Figure 1a ,d show data obtained from one of the four subjects as a representative example of our findings. Given that the effect of insulin administration was phase-dependent in ex vivo culture experiments using mouse liver and adipose tissues (Sato et al., 2014) , we here treated cultured hair roots with insulin in two different circadian phases, namely the falling and rising phases of bioluminescence (Per3 expression levels). Raw data (15-min bins) were detrended using a 24-hr running average, and then the peak value just before insulin treatment, which was defined as the first peak, was considered as 100 (time = 0). The effect on circadian phase and amplitude was evaluated based on the second curve after insulin administration, because the first curve was likely disturbed due to handling-induced perturbation. In both rising-and falling-phase administration of insulin, enhanced circadian amplitude was visually observed. Additionally, in the case of rising-phase administration, circadian phase was likely advanced in the presence of insulin. For statistical evaluation of these insulin effects, circadian period length during exposure of hair follicles to insulin was obtained from four subjects using cosinor analysis, and this length value was then used to further calculate the relative amplitude and peak time of the third peak (relative amplitude; Figure 1b ,e, peak time; Figure 1c ,f). Although statistical significance varied among the four individuals, the results demonstrated that insulin enhances circadian amplitude in both rising-and falling-phase administration. With regard to peak times, insulin induced a statistically significant delay in two of the four subjects in falling-phase administration but caused a statistically significant advance in three of the four subjects in rising-phase administration. Together, insulin administration changes the Genes to Cells KAJIMOTO eT Al.
circadian amplitude and phase of human peripheral clocks ex vivo in a phase-dependent manner.
| Evaluation of insulin effects using surgically extracted mouse whisker tissue
A limitation of the present ex vivo experiments using human tissues is that they could not exclude the influence of genetic and environmental variation among subjects, or physical and biological damage to hair tissue when sampling and infection, respectively. To ameliorate these concerns and confirm the difference among species, we treated whisker tissue surgically extracted from mice with insulin. First, to confirm the histological distribution of autonomous circadian gene expression in mouse hair follicles, we established an experimental system to monitor Period2 (PER2) expression in real time with a luminescence microscope optimized for high-resolution imaging and carried out ex vivo organ culture of a whisker hair follicle surgically isolated from a
Per2
Luc knock-in mouse expressing the PER2 protein whose C-terminal tail was fused to Luciferase. The obtained images showed that PER2 was expressed over the whole hair follicle and that expression was strong in the hair bulb region (Figure 2a ). Real-time sequential bioluminescence imaging of the cultured hair follicle revealed clear circadian oscillation in PER2 expression over the whole hair follicle (Figure 2b ). Circadian characteristics of PER2 expression were similar in both the hair bulb and sheath regions ( Figure 2c) . Next, by performing real-time photon counting in whole hair follicles with photomultiplier tubes (PMTs), we investigated changes in circadian characteristics in PER2 expression induced by the administration of insulin (Figure 3) . We treated cultured mouse hair roots with insulin in two circadian phases, the falling and rising phases of bioluminescence. As a representative example, Figure 3a shows data obtained in falling-phase administration. As already reported in similar experiments using the liver and adipose tissue (Sato et al., 2014) , transient activation of PER2 expression was observed
F I G U R E 1 Ex vivo effect of insulin on human peripheral clocks. (a, d) Hair roots obtained from four healthy subjects, S1-S4, were infected
with an adenovirus vector carrying Per3-luc. In the presence or absence of insulin (180 nM), bioluminescence was measured in real time with a photomultiplier tube. Data obtained from S1 are shown as a representative example of the four subjects. Cultured hair roots were treated with insulin in two different circadian phases, the falling and rising phases of bioluminescence (a and d, respectively). To investigate reproducibility, multiple strands of hair were used (black and gray dots, vehicle; warm-colored dots, insulin). Data sets were detrended by subtracting the 24-hr running average from the raw data. The peak value just before insulin treatment, which was defined as the first peak, was considered as 100 (time = 0). Light-gray shadows indicate the time spent for experimental handling (insulin administration). Parentheses indicate the third curves used to calculate the relative amplitude and peak time. (b, c, e, f) Circadian period length during exposure of hair follicles to vehicle or insulin was obtained with cosinor analysis, and this length value was then used to further calculate the relative amplitude and peak time of the third peak (relative amplitude, b and e; peak time, c and f). The number in parentheses indicates the number of hair follicles used in the experiments. To compare the magnitude of insulin-induced phase shift among the subjects, the third peak time of vehicle-treated hair follicles was set to 0. Data are presented as mean ± SE. Student's t test was carried out and statistical significance was defined as *p < .05 or **p < .01 immediately after administration of insulin (Figure 3a,b) . Transient PER2 expression has been shown to be sufficient to entrain circadian phase without any other cellular processes (Sato et al., 2014) , and circadian phase in individual hair follicle cells was thus considered to be synchronized with each other by insulin administration. Consistent with the results obtained from human experiments in Figure 1 , investigation of the change in circadian amplitude of PER2 expression after detrending raw data by subtracting a 24-hr moving average revealed that insulin administration potentiated the circadian amplitude in both rising-and falling-phase administrations (Figure 3c ), which was likely to have resulted from synchronization of circadian phases among individual hair follicle cells by insulin-induced transient activation of PER2 expression. Insulin did not affect peak time in falling-phase administration but caused a statistically significant phase advance in rising-phase administration (Figure 3d ). These results suggest that the effect of insulin on human hair tissue as shown in Figure 1 is mostly reproducible when experiments are performed using similar tissue derived from mice with a different experimental approach.
| EXPERIMENTAL PROCEDURES
| Subjects
This study was conducted in accordance with the Declaration of Helsinki and was approved by the institutional review boards of Yamaguchi University. Informed consent was obtained from subjects.
| Ex vivo culture
An adenovirus carrying the luciferase gene driven by circadian promoter/enhancer elements controlling the hPer3 gene was constructed as reported previously (Yamaguchi Genes to Cells
et al., 2017). After virus amplification, adenovirus stocks (1.24-1.47 × 10 9 infectious units/ml) were added to culture medium at a 1:20 dilution. Plucked scalp hairs whose root surface was almost covered with hair follicle cells were used for insulin experiments. The experimental procedure for monitoring autonomous oscillation in clock gene expression is as follows: pluck multiple strands of scalp hair whose root surface is enriched with cells; immerse the whole tissue into DMEM (Sigma Aldrich, USA) supplemented with antibiotics; transfer the hair follicles to the medium containing the hPer3-luc adenovirus and incubate for 22-24 hr at 36.5°C without dispersing cells; to avoid floating, fix the hair shaft on the bottom of a 35-mm culture dish with silicone (KS-64, Shin-Etsu, Japan); and cover these immobilized hair follicles with 0.1 mM luciferin-containing DMEM (Nacalai, Japan) supplemented with antibiotics and incubate it at 36.5°C with 5% CO 2 . Adenoviral infection can reset circadian oscillations in bioluminescence independently of DEX treatment; thus, DEX treatment was excluded to simplify experimental procedures and to reduce cellular damage. In contrast, all experiments using mouse whisker follicles in Figure 2 , which were not infected with adenovirus, were treated with DEX. Bioluminescence was measured in real time with a photomultiplier tube (LM2400; Hamamatsu, Japan).
Data sets were detrended by subtracting the 24-hr running average. The effect on circadian phase and amplitude was evaluated based on the second curve after insulin administration, because the first curve was likely disturbed due to handling-induced perturbation. For statistical evaluation of insulin effects, circadian period length during exposure of hair follicles to insulin was obtained using the software Cosinor provided by Dr Refinetti, and this length value was then used to further calculate the relative amplitude and peak time of the third peak. Oscillation data were considered reliable when both clear circadian oscillation persisted for ≥4 days and circadian robustness was 70% or more.
| Animals
Per2
Luc knock-in mice were a kind gift from Dr Joseph
Takahashi (Yoo et al., 2004) . Mice were maintained on a 12-hr light-dark cycle and allowed ad libitum access to food and water. All protocols for animal experiments were approved by the Animal Research Committee of Yamaguchi University. Animal studies were carried out in compliance with the Yamaguchi University Animal Care and Use guidelines.
| Isolation and culture of mouse whisker follicles
Mouse whisker follicles were isolated by microdissection from male, 8-to 12-week-old Per2 Luc mice, using methods previously described (Sanders, Philpott, Nicolle, & Kealey, 1994) . Briefly, after euthanasia, the mystacial pads were removed from mice, washed vigorously with 70% ethanol and with phosphate-buffered saline and then placed in DMEM supplemented with penicillin and streptomycin. Individual whisker follicles were carefully dissected under a dissecting microscope. Considerable care was taken to remove surrounding connective tissue but not to damage hair follicles. Whisker follicles were isolated and transferred on to a 100-mm culture dish containing fresh DMEM. Hair cycle stages of whisker follicles were classified as anagen or catagen by morphology of the hair bulb and relative length of the hair shaft according to previous reports (Iida, Ihara, & Matsuzaki, 2007) . In the present study, anagen hair follicles were used for insulin experiments. To avoid floating, the hair shaft was fixed on the bottom of a 35-mm culture dish with silicone, and the immobilized hair tissue was then covered with 0.1 mM luciferin-containing DMEM supplemented with antibiotics and incubated at 35°C with 5% CO 2 . Bioluminescence was measured in real time with a photomultiplier tube. Data sets were detrended by subtracting the 24-hr running average from raw data.
